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obtained with the Hardy-Weinberg definition are lower than their corresponding F-statistics when FIS > 0 (higher when FIS < 0). Then, we used an island model simulation approach to investigate the impact of inbreeding and dominance on the QST -FST framework in a hierarchical population structure. We show that, while differentiation at the lower hierarchical level (QSR) is a monotonic function of migration, differentiation at the upper level (QRT) is not.

In the case of additive inheritance, we show that inbreeding inflates the variance of QRT, which can increase the frequency of QRT > FRT cases. We also show that dominance drastically reduces Q-statistics below F-statistics for any level of the hierarchy. Therefore, high values of Q-statistics are good indicators of selection, but low values are not in the case of dominance.

Introduction

Quantitative measures of adaptive genetic differentiation are needed for the study of local adaptation processes. The QST statistic based on a partition of the genetic variance between and within populations is broadly used to quantify populations differentiation at quantitative traits in simple population structures. Its comparison to neutral marker divergence, measured via FST, provides a useful tool to understand the processes that lead to differentiation (see [START_REF] Leinonen | Comparative studies of quantitative trait and neutral marker divergence: a meta-analysis[END_REF] for review). In the case of neutrality, linkage equilibrium, Hardy-Weinberg equilibrium and additive inheritance, the mean value of differentiation at trait level, QST, equals the mean value of differentiation at gene level, FST, and their variances have the same order of magnitude [START_REF] Whitlock | Evolutionary inference from QST[END_REF]. In other words, the distribution of single locus FST values provides a reference to which QST values may be compared to infer the occurrence of selection leading to divergence (high values of QST) or convergence (low values of QST). [START_REF] Leinonen | QST-FST comparisons: evolutionary and ecological insights from genomic heterogeneity[END_REF] highlighted the usefulness of the QST -FST comparison approach for detecting adaptive evolution in various ecological contexts. In particular, this is expected to be a powerful approach to detect recent adaptation because QST is partly determined by covariances among QTL, which respond to selection more rapidly than individual allele frequencies [START_REF] Latta | Differentiation of allelic frequencies at quantitative trait loci affecting locally adaptive traits[END_REF].

The QST -FST comparison framework was initially defined assuming strictly additive inheritance of the quantitative trait, Hardy-Weinberg equilibrium, absence of structured linkage disequilibrium (LD), and absence of selection. Violations of these assumptions have a variety of effects. [START_REF] Goudet | The effects of dominance, regular inbreeding and sampling design on QST, an estimator of population differentiation for quantitative traits[END_REF] and [START_REF] Goudet | Under neutrality, QST  FST when there is dominance in an island model[END_REF] showed that dominance generally reduces the mean value of QST below the mean value of FST in the island (2003) showed that additive-by-additive epistasis tends to have the same effect in general.

Thus, with non-additive inheritance, the QST -FST approach is conservative in detecting selection leading to adaptive divergence, but liberal in detecting selection leading to adaptive convergence [START_REF] Whitlock | Evolutionary inference from QST[END_REF]. Relaxing the Hardy-Weinberg hypothesis, [START_REF] Bonnin | Genetic markers and quantitative genetic variation in Medicago truncatula (Leguminosae): a comparative analysis of population structure[END_REF] extended the definition of QST for inbred populations, aiming to keep the property of equal mean values of QST and FST in that case. Regarding the assumption on LD, [START_REF] Whitlock | Evolutionary inference from QST[END_REF] argued that, in the absence of selection, random LDs for different sets of loci compensate one another and, therefore, have no effect on mean QST for neutral traits. Selection induces nonindependence among QTL and makes expected QST deviate from single-locus FST. [START_REF] Gavrilets | Dynamics of polygenic variability under stabilizing selection, recombination, and drift[END_REF] proposed an analytical framework to investigate the impact of QTL covariance on QST at each level of the population structure. [START_REF] Kremer | Decoupling of differentiation between traits and their underlying genes in response to divergent selection[END_REF] quantified the decoupling between QST and FST under different evolutionary scenarios in a simple (non hierarchical) population structure. [START_REF] Santure | The joint effects of selection and dominance on the QST-FST contrast[END_REF] showed that dominance and inbreeding generally inflate the decoupling between QST and FST.

Besides one-level population structures, hierarchical structures attract increasing interest in ecology [START_REF] Richardson | Microgeographic adaptation and the spatial scale of evolution[END_REF]. [START_REF] Whitlock | QST in a hierarchically structured population[END_REF] . Simple population structure

In the case of a single gene, which extends to the case of additive polygenic inheritance with no LD by summing over loci, [START_REF] Wright | The genetical structure of populations[END_REF] showed how overall departure from Hardy-Weinberg equilibrium in a mixture of populations having different allele frequencies affects genetic variance. In a diploid organism, the additive genetic variance in the total population ( 2 IT) is related to the one that would be achieved in case of Hardy-Weinberg equilibrium (²T(0)) through the fixation index F:

(Eq 1)
Wright also demonstrated that the average within-population variance  2 IS relates to ²T(0):

(Eq 2).

Therefore, due to the additivity of variance components, Wright deduced the variance among populations ( 2 ST) from the difference between the total variance and the within-population variance:

(Eq 3).

Considering here populations at Hardy-Weinberg equilibrium (FIS = 0), the genic differentiation between populations is F = FIT = FST. Lande (1992) resolved these equations for FST:
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(Eq 4). [START_REF] Spitze | Population structure in Daphnia obtusa: quantitative genetic and allozymic variation[END_REF] called QST this estimator of genic differentiation based on the variance components. We will further call it QST( 0) to indicate that it refers to the particular case where

FIS = 0.
.

Extension to a hierarchical population structure

The hierarchical extension of FST has been described by several authors [START_REF] Slatkin | FST in a hierarchical island model[END_REF][START_REF] Yang | Estimating hierarchical F-Statistics[END_REF]. In order to enable QST -FST comparisons at any level of population structure, [START_REF] Whitlock | QST in a hierarchically structured population[END_REF] proposed a hierarchical extension of QST(0). To do so, they introduced a regional level (R) of structure, above the population level. The corresponding variance component, called VR by the authors, is noted here ²RT to follow Wright's notation. Following Wright's partitioning of variances in Eq 3, [START_REF] Whitlock | QST in a hierarchically structured population[END_REF] wrote that (Eq 5).

Using Eq 2, they also gave the within-region component of variance as (Eq 6).

For each region, between-population (²SR, noted VB in Whitlock & Gilbert 2012) and withinpopulation (²IS or VA) components of genetic variance can then be written as:
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(Eq 8).

Expressing ²SR in terms of ²IS led to (Eq 9),

Eq 9 provides a quantitative differentiation parameter for the lowest level of the hierarchy, QSR(0), based on the variance components:

(Eq 10),
which is the same as Eq 4 for the lowest hierarchical level in the population structure.

For the differentiation at the highest level of the hierarchy, [START_REF] Whitlock | QST in a hierarchically structured population[END_REF] expressed ²RT in terms of ²SR:

(Eq 11).

Resolving for FRT and using Eq 10 to replace FSR by its value, they defined QRT(0) as follows:

(Eq 12).
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Similarly, Q-statistics can be extended to any level of hierarchy (demonstration given in supporting information S1). If we note the hierarchical levels 1 to n, from lowest to highest (n=1 in a simple population structure), we get:

(Eq 13).

2) Generalized definitions of Q-statistics when FIS ≠ 0

. Simple population structure [START_REF] Wright | The genetical structure of populations[END_REF] generalized Eq 1-3 to relax the assumption of Hardy-Weinberg equilibrium within sub-populations (positive or negative FIS). In this case, the F-statistics are no longer the same (FIS ≠ 0 and FIT ≠ FST). Accordingly, Wright derived the components of genetic variance, noted ²IS(f), ²ST(f) and ²IT(f), as follows. Considering that departure from Hardy-Weinberg within populations does not affect the variance between populations, ²ST(f) remains the same as ²ST :

. At the level of the whole population, we now have:

. Wright then deduced the variance within populations from both previous equations: .

Replacing FIT by its expression in terms of FST and FIS ( ) led to (Eq 14).
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Therefore, using Eq 3 and Eq 14, [START_REF] Bonnin | Genetic markers and quantitative genetic variation in Medicago truncatula (Leguminosae): a comparative analysis of population structure[END_REF] derived a generalized relation for QST(f) in case of inbred populations (the f subscript indicates that any possible value of FIS is now taken into account):

(Eq 15).

For FIS = 0, this general equation simplifies to the most commonly used QST(0).

.

Extension to a hierarchical population structure

Here, we follow [START_REF] Bonnin | Genetic markers and quantitative genetic variation in Medicago truncatula (Leguminosae): a comparative analysis of population structure[END_REF] and generalize the hierarchical QRT(0) and QST(0) to the case of populations not at Hardy-Weinberg equilibrium. Following Wright's demonstration, the variance between regions is not affected by population structure, thus Eq 5 still holds and

²RT(f) = ²RT(0) = 2FRT²T(0)
. We now have to introduce two useful parameters: ²WR(0), which is the total genetic variance within regions if they were at Hardy-Weinberg equilibrium (i.e.

analog to ²T(0) but for the within-region additive genetic variance), and FIR, which is the Fstatistic corresponding to individual relative to region level, i.e. the global fixation index within region. FIR relates to FSR and FIS through the relation: FIR = FSR + FIS -FSRFIS.

²WR(0) is the one defined in Eq 6, whereas actual ²WR(f) relates to ²WR(0) following Wright's equations:

(Eq 16).

Following Eq 14 and Eq 6, ²IS(f) can be written in terms of FIS and FSR:
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(Eq 17).

²SR(f) can be written as: (Eq 18).

Expressing ²SR(f) in terms of ²IS(f), we get: (Eq 19). Resolving this equation for FSR gives the generalized definition of QSR(f) when populations are not panmictic:

(Eq 20), which is equivalent to Eq 15.

QRT(f) is calculated accordingly, replacing FSR by its value in Eq 11 for ²RT:

(Eq 21).

Resolving this for FRT gives the generalized definition of QRT(f):

(Eq 22).

This formula extends to any level of hierarchical structure as follows (demonstration given in supporting information S1):
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(Eq 23).

Table 1 summarizes the generalized formulae of the Q-statistics that are unbiased analogs of FST when FIS≠0, for any number of levels in population structure.

In empirical studies, the specific definitions of Q-statistics that assume Hardy-Weinberg equilibrium (QST(0)) are more often used than the generalized definitions (QST(f)). In cases where FIS≠0 for whatever reason, QST( 0) is a biased analog of FST, which may affect the QST -FST comparison approach. To quantify this bias, replacing  2 IS and  2 ST by their values (Eq 3 and Eq 14, respectively) in Eq 15 leads to: , which is also valid for QSR(0).

Similarly, it results from Eq 22 that:

. Since 1 -FST, 1 -FSR and 1 -FRT are all positive, these relations show that neglecting departure from Hardy-Weinberg equilibrium in the computation of Q-statistics provide lower values than the related F-statistics in case of inbreeding (FIS > 0) or higher values in case of excess of heterozygotes (FIS < 0). The difference is larger for intermediate values of differentiation. In a hierarchical population structure, strong differentiation at lower levels (e.g high FSR value) reduces the bias at upper levels (QRT(0) -FRT).
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3) Impact of dominance on the QST -FST comparison in hierarchical populations

We used the quantiNEMO simulation platform [START_REF] Neuenschwander | quantiNEMO: an individualbased program to simulate quantitative traits with explicit genetic architecture in a dynamic metapopulation[END_REF] to simulate a hierarchical island model made of five regions and four populations within each region, i.e. 20 populations in total, and 100 individuals per population. We used three hierarchical structures where the ratio of within-to between-region migration was set to 6, 15 and 30, respectively.

In each hierarchical structure, our sets of parameter values were mostly similar to [START_REF] Goudet | The effects of dominance, regular inbreeding and sampling design on QST, an estimator of population differentiation for quantitative traits[END_REF]. We used four global migration rates: m=0.002, 0.01, 0.05 and 0. values were directly taken from quantiNEMO outputs. We used the matrix of genotypes of the last generation to estimate the hierarchical F-statistics (FRT, FSR) using hierfstat package in R version 3.3.1. We used the matrix of genotypic values to estimate the hierarchical components of genetic variance ( 2 RT(f),  2 SR(f)) from a random linear model and maximum likelihood estimator using lme4 package in R.

These simulations illustrate an interesting feature of differentiation in hierarchical population structures. We present here the results obtained with a ratio of within-to between-region migration set to 15 (more details are given in supporting information S3; similar analyses with the other values of this ratio, 6 and 30, are provided in supporting information S4). By definition, the differentiation at regional level, QRT, not only depends on the variance among regions ( 2 RT(f)) but also on the variance between populations within regions ( 2 SR(f), see Eq. 22 above). Migration jointly influences both levels of the hierarchy and its effect on  2 RT(f) may be counterbalanced by its effect on  2 SR(f). Therefore, unlike QSR (or QST in a simple population structure), QRT is not a monotonic function of migration. This clearly appears in Figure 1 in the purely additive case : when migration is very low (here when m=0.002), global and within-region differentiation (QST.global and QSR, respectively) are maximized but differentiation at regional level (QRT) is reduced. In our simulations, differentiation at regional level was maximum when migration rate was m=0.01.

In the case of pure additivity, inbreeding marginally increases the mean values of hierarchical Q-statistics and increases more significantly the variance of QRT (Figure 1). Dominance drasticaly reduces Q-statistics, globally and for each hierarchical level (Figure 1).
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In simulations under pure additivity, the relation between Q-statistics and F-statistics followed the expectation that mean QSR equals mean FSR as in a simple population structure (Figure 2). The relation was slightly different at regional level: in the absence of inbreeding, mean QRT was slightly lower that mean FRT. This discrepancy reflects the presence of covariance terms between alleles that would deserve further investigation. With inbreeding, the variance of QRT increased, thus increasing the number of occurrences where QRT > FRT (Figure 2). With dominance, Q-statistics were always lower than F-statistics at the global level, which is consistent with the results obtained in a simple population structure by [START_REF] Goudet | The effects of dominance, regular inbreeding and sampling design on QST, an estimator of population differentiation for quantitative traits[END_REF], and this remained true for each hierarchical level irrespective of the presence or absence of inbreeding (Figure 2).

The same qualitative patterns as in Figure 1 and Figure 2 were obtained with the other ratios of within-to between-region migration (see supporting information S4). The only noticeable quantitative difference was the non-linear effect of the migration rate on QRT, which co-varied with the ratio of within-to between-region migration, less pronounced with the lowest ratio.

Discussion

In this note, we proposed generalized definitions of Q-statistics for hierarchical population structures that keep the property of analogy to hierarchical F-statistics even when the lowest level of the population structure is not at Hardy-Weinberg equilibrium, in case of neutrality.

This property is essential to infer selection from the QST -FST comparison, and these generalized definitions should be preferred to the simpler ones that assume Hardy-Weinberg equilibrium. In random mating populations, one generation of panmixia is theoretically enough to restore equilibrium after disturbance and, therefore, we expect little departure from Hardy-Weinberg equilibrium in practice. However, inbred mating systems or unrevealed population substructure may generate positive FIS, while partial asexuality may generate negative FIS [START_REF] Stoeckel | The exact distributions of FIS under partial asexuality in small finite populations with mutation[END_REF]. In this study, we quantified the discrepancy between Q-statistics and F-statistics induced by the use of Q-statistics definitions that do not account for an existing sub-structure in a population system, i. more likely at the upper level of the hierarchy (QRT -FRT), and the variance of QRT was particularly sensitive to inbreeding in the case of pure additivity. Therefore, the power to detect selection from the QST -FST approach is lower between regions than within regions.

When there is dominance, the mean and the variance of Q-statistics are both reduced. To account for these neutral sources of covariance among loci, Q-statistics should rather be compared to measures of neutral differentiation patterns that account for these disequilibria, such as the CFST proposed by [START_REF] Kremer | Multilocus and multitrait measures of differentiation for gene markers and phenotypic traits[END_REF]. Statistical developments [START_REF] Martin | Multivariate Qst -Fst comparisons: a neutrality test for the evolution of the G matrix in structured populations[END_REF] and the recent availability of genome-wide resources have provided some clues for the analysis of polygenic adaptation [START_REF] Berg | A population genetic signal of polygenic adaptation[END_REF][START_REF] Yeaman | Local adaptation by alleles of small effect[END_REF]; Stephan 2016).

In a hierarchical population structure, we showed a specific effect of interaction between migration and genetic drift on the differentiation among "regions" (or any other kind of uplevel of the hierarchy, not necessarily due to spatial structure) that has interesting consequences for the conservation of the total genetic diversity. The migration rate has a nonmonotonic effect on the differentiation among "regions". Very low migration rates induce high differentiation among "populations" within-"regions", which is also related to high gene diversity at "regional" level (data not shown). In this case, "populations" become quasiindependent samples submitted to genetic drift and each "region", having several of these independent "populations", captures a good level of gene diversity, thus reducing the divergence among "regions". In other words, in a hierarchical population structure, the impact of genetic drift on gene diversity at "regional" level can be reduced not only by high migration rates but also by very low migration rates, and this effect is increased when the ratio of within-to between-"region" migration is high.
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  e. non-null FIS values. This leads to under-estimate Q-statistics when FIS is positive, and vice-versa. Therefore, when positive FIS is neglected in the computation of Q-statistics, the inference of adaptive divergence when Qstatistics are significantly higher than F-statistics is conservative but, reversely, inference of FST comparison a conservative approach when inferring selective divergence from high QST values but no conclusion can be drawn from low QST values. For empirical studies, it should be noticed that, even in the absence of selection, historical and demographic processes can generate random statistical dependencies among loci that are captured in the Q-statistics but not in the F-statistics. These covariances contribute to the high variance of Q-statistics. In our

adaptive convergence cannot be concluded when Q-statistics are lower than F-statistics. The reverse effect occurs with negative FIS values. Interestingly, in a hierarchical population structure, high differentiation at the lowest hierarchical level reduces the bias due to neglecting FIS on the upper level Q-statistics.

The analytical framework leading to the definition of generalized Q-statistics relies on the assumptions of additivity and independence among neutral loci. Here, in a hierarchical island model, we show that dominance drastically reduces hierarchical Q-statistics (QRT, QSR) below their related F-statistics (FRT, FSR), as initially shown by

[START_REF] Goudet | The effects of dominance, regular inbreeding and sampling design on QST, an estimator of population differentiation for quantitative traits[END_REF] 

and

[START_REF] Goudet | Under neutrality, QST  FST when there is dominance in an island model[END_REF] 
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